The ever-growing energy demand requires the exploration and the safe, profitable exploitation of unconventional reserves. The extreme environments of some of these unique prospects challenge the boundaries of traditional engineering alloys, as well as our understanding of the underlying degradation mechanisms that could lead to a failure. Despite their complexity, high-pressure and high-temperature, deep and ultra-deep, pre-salt, and Arctic reservoirs represent the most important source of innovation regarding materials technology, design methodologies, and corrosion control strategies. This paper provides an overview of trends in materials and corrosion research and development, with focus on subsea production but applicable to the entire industry. Emphasis is given to environmentally assisted cracking of high strength alloys and advanced characterization techniques based on in situ electrochemical nanoindentation and cantilever bending testing for the study of microstructure-environment interactions.
INTRODUCTION
Materials used in oil and gas (O&G) production are exposed to some of the most aggressive industrial environments. Although the rate of serious incidents in the O&G industry is not alarmingly elevated, particularly in the offshore sector, 1 materials degradation could lead to costly catastrophic failures with severe consequence to human life and the environment. 2 This article discusses the main materials engineering challenges faced in O&G production, illustrating the importance of industry-academia synergies. Emphasis is given to the environmentally assisted cracking (EAC) of high-strength alloys and advanced characterization tools based on in situ electrochemical nanoindentation (ECNI) and cantilever bending. The scope is primarily on offshore and subsea O&G equipment, but most of the topics are equally relevant to up-stream, mid-stream, and downstream scenarios. Likewise, this article seeks to ignite discussions among industry experts and scholars to help guide future research and development activities.
Although the manuscript presents a comprehensive overview of selected topics, it is not the goal to discuss physical metallurgy and corrosion fundamentals in detail. Readers are encouraged to follow the ample literature provided. There is a myriad of materials and corrosion challenges in O&G production. Interesting subjects such as additive manufacturing, high-strength fasteners, centrifugal casting, corrosion risk management and the industrial internet, cathodic protection (CP) by distributed sacrificial anodes, nonmetallic materials and coatings, nano-inspired surface treatments, and many others cannot be addressed herein. The choice of topics is based on the authors' experience and illustrates areas of interest that could have a transformative effect on the business.
EXTREME ENVIRONMENTS
With conventional O&G reserves dwindling, over the last four decades, the industry has moved towards increasingly more challenging fields. 3 Although there is not a universal definition differentiating between conventional and unconventional fields, in the context of this publication, unconventional reserves are those that require new materials, design methodologies, and technologies. The most challenging reserves often present high pressures and high temperatures (HPHT), can be in deep-waters (i.e., water depths greater than approximately 800 to 1800 m) or in Arctic regions. 3, 4 Developing HPHT, deepwater, and Arctic prospects at a competitive cost and acceptable risk level is one of the most complex engineering challenges ever faced by the O&G industry.
Although these market segments are technically challenging and require significant capital investment, 5 they have the potential to transform existing technologies and represent the most important source of innovation regarding materials, design methodologies, and corrosion control strategies. This section summarizes the typical environmental conditions that characterize extreme O&G environments.
High-pressure high-temperature fields The O&G industry has used different classification criteria to define HPHT conditions over the years. Even today, debate exists as to what constitutes either high pressure or high temperature or both. 6 To standardize the boundaries that characterize HPHT conditions, the American Petroleum Institute (API) has established that HPHT wells are those with: 7
•
Conditions requiring completion and well-control equipment rated at 103 MPa (15,000 psi),
• Shut-in surface pressure above 103 MPa (15,000 psi) or,

Flowing temperature greater than 177°C (350°F).
Despite API's effort to standardize and regulate HPHT developments, some operators and original equipment manufacturers (OEM) treat HPHT prospects simply as those outside the boundaries of past projects. 8 The first HPHT onshore well test was drilled in 1965 in the socalled Josephine "A" in Perry County, Mississippi, U.S. HPHT exploration continued during the 1970s, but the trend accelerated with the discovery of the Mobile Bay field in 1981 in offshore Alabama, U.S. 9 Today, the number of HPHT prospects remains marginal when compared with conventional fields; nevertheless, there are active HPHT developments worldwide. 10 Interestingly, HPHT conditions are pervasive in deepwater environments.
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HPHT fields can be sweet, i.e., free from hydrogen sulfide (H 2 S), or sour, i.e. have measurable amounts of H 2 S. 12 Irrespectively of their H 2 S concentration, virtually all reservoirs produce carbon dioxide (CO 2 ), with typical levels in the 3-5 vol% range. 13 Both HPHT O&G reservoirs can produce large amounts of water, rich in chlorides and having pH values ranging from nearly neutral to acidic, depending on the characteristics of the geological formation. 14, 15 Likewise, when the H 2 S concentration exceeds 5-10 vol%, elemental sulfur (S 0 ) can be present, increasing the oxidizing power of the water phase and making the field extremely corrosive. 16 Table 1 lists typical alloy families used in O&G production; the following sections elaborate further on the more promising materials for HPHT.
Even though conventional reservoirs can be equally corrosive, HPHT prospects are considered particularly challenging regarding materials performance due to their high pressures, high temperatures, or both. 17 In this regard, EAC and localized corrosion are the prime materials degradation concerns. For instance, the recently released API 17TR8 report mandates EAC testing to quantify the susceptibility of the materials to the environment and to obtain engineering design parameters such as allowable stresses, fracture toughness, and crack-growth rates. 7 At present, much debate exists regarding the most time-and cost-effective implementation of API's regulations. Furthermore, the industry lacks clear test guidelines to obtain environmental fracture mechanics properties for design purposes.
Arctic developments
Independently of the trend towards HPHT fields, O&G exploration and production are moving into Arctic regions. 18 As detailed by Horn et al. and Thaulow and coworkers, the lack of rules and standards for materials selection and qualification has led to much research and development efforts. 18, 19 Components operating in Arctic conditions can be exposed to extremely low temperatures, which requires materials and welds that retain high toughness and fatigue performance at temperatures as low as −60°C.
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HIGH STRENGTH MATERIALS
High-strength and high-toughness materials with improved fatigue life are desirable, if not essential, to overcome the design challenges imposed by the extreme pressures of HPHT wells and the low temperatures of Arctic regions. Unfortunately, EAC resistance and, in particular, hydrogen assisted cracking performance, decrease with increasing strength. 21 There is, thus, an upper limit for the safe use of engineering alloys in O&G production environments, which is arguably more conservative than in other industries. 22 There is no universal definition of what constitutes a high strength material, which depends on many factors including the alloy family, the application, and the dimensions or weight of the component. In the context of this article, high strength refers to materials with Specified Minimum Yield Strength (SMYS) values above the typical maximum currently recommended for forged carbon and low alloy steels (LAS) exposed to production fluids, i.e., 550-586 MPa (80-85 ksi).
This section addresses the main limitations of the most common materials used in O&G pressure-retaining equipment and highlights promising research and development trends.
Low alloy steels Contrary to the common perception, LAS are amongst the most advanced engineering materials. By volume, the use of LAS in critical O&G applications far exceeds that of any other alloy family. 23 Therefore, advancements in LAS properties and performance can have a major impact.
Despite their advantages, LAS have, nonetheless, been affected by severe environmentally assisted failures in, e.g., H 2 S-containing environments and due to hydrogen generated by CP systems. 13, 24 Understanding the underlying mechanisms that lead to adequate EAC resistance, especially in the presence of H 2 S, is paramount.
LAS for sour service. From the late 1940's to the end of the 1950's, failures of LAS components related to H 2 S exposure occurred in the U.S., Canada, and France. 25, 26 These events catalyzed research and regulatory work, which ultimately resulted in the publication of the NACE (NACE International, Houston, TX, U.S.) MR0175 standard (i.e., now ISO (International Organization for Standardization, ISO Central Secretariat, 1214 Vernier, Geneva, Switzerland) 15156) in 1975, followed by a major revision in 1978 after a severe fatal accident occurred in Texas, U.S. in 1976. 26, 27 Most of the early failures were associated with sulfide stress cracking (SSC), at the time a relatively new phenomenon. It is now well known that SSC is a particular form of hydrogen stress cracking (HSC) in the presence of water and H 2 S. 13, 28 As in any other type of HSC, SSC is exacerbated by applied cathodic potentials, but debate still exists concerning the initiation mechanisms under open circuit potential conditions, which are the most relevant in service. 29 Even though investigators discovered early on that the alloy's microstructure controlled SSC susceptibility, 30 NACE MR0175's approach was to minimize risk by limiting strength and controlling composition, independently of other metallurgical factors. Today, most carbon and LAS are accepted for service under any H 2 S condition if they contain less than 1 wt% nickel and the hardness of the surface exposed to the production fluid is kept below 250HV (22HRC). For example, quenched and tempered (QT) LAS with SMYS values lower than 550 MPa (80 ksi) are believed to resist up to 100% H 2 S when stressed to 100% of their actual yield strength (AYS) at a total pressure of 1 atm. 31 Carbon steel (CS) and LAS that do not meet strength, hardness, and chemical composition requirements can still be used if successfully qualified. Nevertheless, because testing is costly, complex, and potentially disruptive, OEM and O&G producers typically select materials that meet ISO 15156-2 requirements, avoiding challenging qualification programs.
The hardness limit derives from phenomenological observations showing that SSC was prevented in low strength and softer samples. 26 Hardness is, however, an unreliable estimator of SSC resistance. Indeed, at the same hardness and strength levels, different microstructures exhibited vast differences in EAC susceptibility (Fig. 1) . 32 Despite its shortcomings, restricting the hardness of the base metal and the weld drastically reduced the frequency of the early SSC failures. In contrast, the nickel content restriction remains controversial; the work by Kappes et al. could be consulted for a comprehensive review of the topic. 29 Moving beyond current limitations. Cr-Mo steels with SMYS values up to 760 MPa (110 ksi) are typically accepted within the boundaries of ISO 15156. 33 However, because limiting the strength minimizes the risk of exceeding 250HV in weldments, in practice, LAS with SMYS above 550-586 MPa (80-85 ksi) are seldom used for heavy forgings (i.e., cross-sectional thickness above 500-760 mm). Likewise, ISO 15156's restriction on the allowable nickel content excludes commercial LAS with an exceptional combination of properties such as strength, toughness, weldability, fatigue life, and hardenability. 29 Some LAS such as ASTM (American Society for Testing and Materials, West Conshohocken, PA) A508 Grade 4, 10GN2MF2 and MIL-S-16216K (i.e., a modified version of UNS K32047), Table 1 , have been successfully used in hydrogen-bearing atmospheres in, e.g., nuclear reactor pressure vessels. 34 ISO 15156 similarly excludes low-carbon, copper-bearing, precipitation hardenable LAS based on the ASTM A707 specification, 35 which combine high strength, toughness, and weldability (Table 1) . 36 Adapting these types of LAS for sour service applications by, for example, reducing their carbon content, tailoring their carbon equivalent, and imposing strict control of the elements responsible for temper embrittlement, 37 could lead to significant weight reductions, improved through-thickness properties, and extended fatigue life. 32 The safe use of high strength LAS in sour service applications depends primarily on understanding how composition, microstructure, and thermo-mechanical processing affect hydrogen embrittlement (HE) resistance. In this regard, much debate still exists about the influence of the complex microstructures of LAS on SSC and HSC performance. The data compiled by Kappes et al. 29 Fig . 1 , suggest that tempered martensite and lower bainite are the most SSC-resistant microstructures based on their threshold stress (σ th ) in H 2 S-saturated electrolytes. Normalized and tempered LAS or steels containing fresh martensite are severely affected by hydrogen. Snape has shown that small amounts of untempered martensite have dramatic effects on SSC performance, even on steels that met the macroscopic hardness threshold imposed by ISO 15156. 30 Additionally, Fig. 1 indicates that the threshold stress of QT and bainitic steels was greater than the allowable stress in, e.g., Division 2 of the ASME Boiler and Pressure Vessel Design Code, up to an AYS of about 700 to 750 MPa. The threshold stress decreased rapidly above 750 MPa.
Interestingly, the scatter seen in Fig. 1 , particularly on bainitic steels, is associated with the lack of a proper microstructure characterization. Indeed, most authors did not specify the type of bainite, i.e., upper or lower, or martensite, i.e., plate, lath, or a combination, and some assumptions had to be made based on the reported heat treatment procedures and alloy compositions to construct Fig. 1 . Even today there are critical aspects of the bainitic and martensitic phase transformations in steels, such as the carbide precipitation mechanisms, that remain unresolved and, according to some authors, might hold up technological progress. 38, 39 Even though experimental observations have shown that the alloy's microstructure determines SSC and HSC resistance, researchers have yet to agree on a mechanistic explanation. Phenomenological observations speculate that the high residual strain associated with untempered martensite, the presence of carbides at GB in upper bainite needles, and the type of ferritecarbide interface in ferritic-pearlitic alloys could facilitate hydrogen-dislocation interactions. 32 There seem to be a renaissance in LAS research, specially bainitic LAS, with high-and ultra-high strength, fueled in part by industry-academic synergies. 40 Researchers have recently developed, e.g., commercial oil country tubular goods (OCTG) with SMYS values up to 860 MPa (125 ksi) that resist SSC in mild and intermediate sour service conditions 41 thanks to advancements in grain boundary engineering. [42] [43] [44] [45] The authors have found that the high dissipation energy of special high-angle grain boundaries (GB), i.e. more than 30°, reduced the driving force for crack propagation. Figure 2 presents the qualitative distribution of special GB obtained by electron backscatter diffraction (EBSD). The ideal amount and distribution of special GB depend not only on the final QT heat treatment but also on the austenitization step. This example illustrates the importance of metallurgical design in obtaining high strength LAS with adequate EAC resistance. Future investigations on richer LAS compositions for heavy forged sections will benefit from advancements in this area.
Precipitation hardened (PH) corrosion resistant alloys (CRA) As a rule of thumb, large-bore (i.e., an internal diameter greater than approximately 50 cm) subsea production components, such as valves, connectors, and pipes, are commonly made of LAS overlaid or cladded with a CRA. 46 Full-cladded or partially-cladded designs take advantage of the strength and low cost of the LAS core, whereas the CRA inlay minimizes the corrosion concerns associated with LAS exposure to aqueous electrolytes containing CO 2 and H 2 S. 47 In subsea O&G production, LAS are typically weld overlaid with UNS N06625 (NA625), a nickel-based seawater resistant CRA (Table 1) , but different stainless steels and nickel alloys could be used. 22 Despite the fact that the surface exposed to production fluids is made of a CRA, the base LAS has to comply with the strength, hardness, and alloy chemistry requirements of ISO 15156.
PH CRA are used when the application requires strength levels exceeding the limits imposed by ISO 15156 on LAS, i.e., SMYS above 690-760 MPa (100-110 ksi). Both stainless steel and nickelbased PH alloys find numerous applications in O&G production. In particular, PH nickel-based alloys (PHNA) are extensively used in wellbore components due to their combination of strength and EAC resistance. 48 Whereas all PHNA can sustain the most aggressive production environments, not all PHNA families are seawater resistant. 49 The most common PHNA is UNS N07718 (NA718), a super nickel alloy containing 17-21 wt% Cr, 2.8-3.3 wt% Mo, 50-55 wt% Ni, Nb, Ta, and Ti (Table 1) . 50 NA718 was first developed for hightemperature aerospace applications, and introduced in the O&G industry in the early 1980s. 48 NA718 is strengthened by an ordered, body-centered tetragonal γ" phase, and an ordered facecentered cubic γ' phase. 51 Despite its excellent performance in sour production environments, NA718 suffers pitting and crevice corrosion in oxidizing halide-containing environments due to its intermediate Cr and Mo content. Indeed, NA718 has a localized corrosion performance similar to that of stainless steels of comparable Cr and Mo such as UNS S31600, Table 1 . 52 Alloys UNS N07725 (NA725) and UNS N07716 (NA716) are frequently selected when the application requires improved Fig. 1 Threshold stress (σ th ) of low alloy steels with different microstructures exposed to 0.5 wt% CH 3 COOH + 5 wt% NaCl in 1 atm H 2 S at 24°C, normalized to the actual yield strength (σ y Currently, no standard defines the maximum allowable temperature for seawater service of NA725 and NA716; nevertheless, NA625 is restricted by ISO 21457 to 30°C due to crevice corrosion concerns in chlorinated systems. While it is well established that the presence of δ-phase severely compromises NA718's HSC and SSC resistance, 56 PHNA have been, a priori, considered immune to hydrogen embrittlement in the age-hardened conditions used in O&G applications. 48 However, sudden cleavage failures of NA718, 57 NA716, 58 and NA725 59 subsea components in relatively benign environments have been reported during installation and operation, all associated with HE. Figures 3 and 4 illustrate a recent EAC intergranular cleavage failure of an NA725 part. While in these failures the hydrogen source has not always been well established, it is suspected that H from either CP, electroplating, galvanic coupling to carbon steel, or from degradation of non-production fluids could have played a role. 60 More alarmingly, in most instances, materials and manufacturing processes met international specifications, suggesting that existing best practices do not capture all the variables that lead to an optimal microstructure.
In the example shown in Figs. 3 and 4 , the precipitation of a continuous network of a nano-sized topologically close-packed (TCP) phase (i.e., σ-phase in this case) along GB may have led to HSC. Figure 4 shows the degree of GB coverage by σ-phase, which was 90 to 100%, and secondary crack propagation along the matrix/σ-phase interface. GB decoration was visible in the scanning electron microscope (SEM) after special sample preparation steps and could be characterized only by transmission electron microscopy (TEM). It is unclear whether the formation of σ-phase is possible in the temperature and time ranges allowed in existing standards but impossible to be detected up to now; or if residual strain introduced during thermo-mechanical processing could accelerate precipitation kinetics well below the 30 h reported by Mannan 53 and Oradei-Basile. 51 Moreover, despite the evidence suggesting the deleterious effect of TCP phases, their role in EAC and the mechanisms involved are still unclear. The O&G industry will benefit from multi-disciplinary research activities aimed at elucidating the processing and manufacturing parameters that result in TCP precipitation and the mechanisms leading to EAC.
Welding
Since most pressure-containing components must be welded, weldability is one of the most important technological properties in the design of O&G equipment. Thus, increasing the strength of the base material requires a filler metal with comparable or better mechanical properties. The necessity of joining dissimilar metals, particularly cladded LAS to stainless steels, exacerbates the challenge.
Welding and cladding of dissimilar materials are commonplace in the subsea O&G industry. A typical example is the joining of austenitic and duplex or super duplex stainless steels (DSS and SDSS, respectively) to carbon or LAS, which can be either bare or cladded. The current approach is to use niobium-free nickel-based CRA, e.g., UNS N06059 or UNS N06686 (Table 1) , as a filler material to prevent the hydrogen-related cracking of NA625-buttered joints that has affected subsea production components. 61, 62 When following present welding procedures, lean LAS compositions such as API 5L 63 Grade up to X65, and ASTM A694 (ref. 64) up to F65 do not require post-weld heat treatment (PWHT). In contrast, richer chemistries, such as UNS K21590 (ASTM A182 F22), 65 are conventionally buttered with a 1%Ni-½%Cr LAS filler metal (e.g., American Welding Society, Miami, FL) A.23:EG or EN (European Standard, European Committee for Standardization, Brussels, Belgium) 756: S3NiMo1), and heat treated before welding to the stainless steel part. 66 Heat treating the buttered section before joining prevents sensitization during PHWT of, e.g., DSS and SDSS components. 67 At present, the highest strength of dissimilar weld joints is controlled by the SMYS of the nickel-based CRA filler to about 470 MPa (68 ksi). Although some researchers recommended undermatching the strength of the consumables used to weld high strength LAS, 68 this practice is discouraged by current design codes. 69 Therefore, the SMYS of the base metal is restricted to a slightly lower strength, to prevent making the weldment the weaker part of the joint. 70 Mannan and coworkers have recently introduced a new PH nickel-based Ni-Cr-Mo-W-Nb-Ti filler metal designated as UNS N06680 (NA680), Table 1 . 71 According to the authors, NA680 can be used to weld clad-OCTG with an SMYS, in the as welded condition, of up to 550 MPa (80 ksi). The alloy can reach high strength levels due to self-aging or auto-aging during cooling. Nevertheless, the AYS of the joint was strongly affected by the heat input of the process. The maximum reported yield strength was about 655 MPa (95 ksi) but, in some instances, it did not reach 550 MPa (80 ksi). Despite the promising results presented by Mannan and coworkers, there are no universally accepted practices to weld clad-LAS with SMYS above approximately 450 MPa (65 ksi) to stainless steels. The successful introduction of highstrength LAS in subsea O&G equipment will, in a great measure, depend on the development of high strength filler metals and new welding procedures.
PUSHING THE LIMITS OF CRA
A multitude of CRA are used in oilfield applications, including martensitic, austenitic, ferritic, duplex, and PH stainless steels, solution annealed and PHNA, as well as titanium, cobalt, and aluminum alloys. Examples of typical CRA are shown in Table 1 . Materials selection of CRA is primarily governed by part 3 of the ISO 15156 standard (ISO 15156-3) 26 and ISO 21457. 46 The scope of the ISO 15156-3 specification includes clearly opposing mechanisms such as stress corrosion cracking (SCC), SSC, and galvanicallyinduced hydrogen stress cracking (GHSC). The philosophy of ISO 15156-3 is to set strict limits on the parameters that influence these forms of corrosion; i.e., the partial pressure of H 2 S, solution pH, chloride concentration, temperature, and the presence or absence of S 0 . Likewise, ISO 15156-3 restricts strength and hardness in certain alloy systems. The materials' boundaries established by the standard derive from a combination of industry experience and qualification testing and have been initially resisted by the industry. 14, 72 One of the chief criticisms to ISO 15156-3 is that it represents a "one-size-fits-all" approach to materials selection. Thus, exceeding one of the environmental limits presented in Annex A of the standard implies that (i) the chosen alloy is unfit for service or (ii) the alloy requires additional qualification testing. Annex B details the recommended qualification testing procedures. However, the testing methodology, the exposure conditions, the extent of validity (i.e., per heat, heat treatment lot, manufacturer, etc.), as well as the essential variables that trigger re-qualification must be agreed upon by the operator, the OEM, and the alloy producer. In practice, because qualification testing is costly and timeconsuming and, as importantly, because no clear quality control practices exist to certify materials during production, designers typically avoid testing altogether and opt for a more resistant CRA instead. Interestingly, this approach is currently being challenged by the API 17TR8 Task Group, which has specified comprehensive EAC testing for HPHT applications in simulated production environments, seawater with CP, as well as corrosive nonproduction fluids. Irrespectively of any criticism to the degree of conservatism in ISO 15156-3 Annex A, 22 the broad scope of the standard is questionable. GHSC, i.e., a form of HSC in which nascent H is produced at the CRA surface due to galvanic coupling to a less resistant alloy, 28 and SSC are exacerbated at lower temperatures than those observed in the wellbore near the reservoir. Because GHSC can occur in the absence of uniform or localized corrosion of the CRA, a material could meet ISO 15156-3 restrictions regarding environmental conditions and maximum allowable temperature, yet be susceptible to GHSC if subjected to galvanic coupling. In this regard, high strength alloys such as martensitic stainless steels are particularly susceptible to GHSC. 73 ISO 15156-3 mandates GHSC testing to ballot new materials for inclusion in the standard. However, not all materials listed in the specification have been evaluated for GHSC. In such instances, the boundaries were established based on industry experience. 14 Lastly, it is important to emphasize that SSC of CRA can only occur below the depassivation pH (pHd), which for many of the higher grade CRA can be as low as 1. 74 Given the recent HSC failures of PHNA, [57] [58] [59] which are amongst the most resistant materials listed in ISO 15156-3, in relatively benign conditions, it is strongly advisable that the ISO and NACE maintenance committees revisit the implications of the current extent of the standard.
In contrast to SSC and GHSC, SCC is an anodic process mainly controlled by the stability of the passive film and the local chemistry. Researchers have found that pitting corrosion appears to be a prerequisite for SCC in production environments, as the conditions that stabilize a pit are similar to those required for SCC. 75, 76 Anderko, Sridhar and coworkers have developed a framework that uses the repassivation potential (E RP ) and the corrosion potential (E Corr ) to estimate the likelihood of SCC in sour production environments. [77] [78] [79] The main assumption is that SCC occurs only in the presence of localized corrosion when the temperature is above the critical pitting temperature and E Corr > E RP . The authors have validated a quantitative model that predicts both E RP and E Corr of martensitic stainless steels as a function of solution chemistry and temperature. 78, 79 The approach developed by Anderko et al. has tremendous potential as it could be used to revise ISO 15156-3 limits and optimize materials selection. Additionally, the combination of a robust quantitative model and, e.g., sensors could be implemented in new corrosion risk management tools. For example, reference electrodes added to oilfield equipment could monitor E Corr over time. E Corr data could, then, be compared to E RP values, estimated as a function of the actual composition of the produced fluids. More research is needed to extend the approach to other CRA families, in particular, DSS and SDSS since their current environmental boundaries are perceived as being excessively conservative. 80 Effect of hydrogen on the localized corrosion resistance of CRA Although hydrogen generated by either corrosion or by CP has been shown to deteriorate the protectiveness of passive films, existing EAC models do not take this effect into consideration. Yao et al., 81 Guo et al., 82 Pyun et al., 83, 84 Thomas et al., 85 Armacanqui and Oriani, 86 to name a few, have shown that in part due to its strong reducing properties, hydrogen present in the passive film lowers the resistance to pitting corrosion. Yao et al. attributed the decrease in localized corrosion resistance of UNS S32205 to a change in the semiconductor properties of the chromium oxide film. 81 The authors showed that E Corr decreased and the passive current density increased due to pre-charging. Similar results were also seen by Thomas et al. on CS. 85 Interestingly, anecdotal evidence from recent failure investigations on SDSS seawater pumps seems to confirm the deleterious effect of hydrogen on localized corrosion resistance. In this regard, severe localized corrosion was found after removal of the CP system under conditions a priory benign to SDSS. The recent work by Thomas et al. 87 can be consulted for a more comprehensive overview of the role of hydrogen on corrosion of CS and LAS, as well as CRA.
More research is needed to comprehend the influence of hydrogen on localized corrosion resistance fully and, consequently, its influence of EAC. In this regard, the presence of H 2 S could further complicate the issue as the effect of H on, e.g., Fe 1 + x S films has yet to be investigated. However, the marked decrease in E Corr and the increase in passive current density reported for stainless steels and CS open the door to in situ corrosion monitoring techniques. It is plausible to envision, for example, a simple E Corr monitoring device that, when coupled to proper corrosion models, could be used to determine localized corrosion and EAC risks.
ON THE TRAIL OF HYDROGEN
Industry-academia synergies are essential to overcome the challenges discussed in previous sections. Methodologies based on SEM and TEM, focused ion beam (FIB), as well as atomic force microscopy, coupled with in situ micro-mechanical and nanomechanical and electrochemical techniques have matured rapidly over the last decade. Today, researchers have at their disposal an exceptional toolkit that allows multi-scale characterization, from the nanoscale to full-size industrial settings, of complex phenomena like HE. 88 The combination of approaches is helping shed new light on the compound microstructure-environment interactions leading to EAC. This section discusses recent advancements in hydrogen embrittlement research with a focus on ECNI, nanomechanical characterization, and electrochemical microcantilever bending.
Hydrogen effects in metals: an elusive phenomenon Hydrogen is the smallest atom in the universe, and its small size makes it a controversial interstitial in comparison to the other common interstitial atoms. While all other interstitial elements, e.g., C, N, and B seem to have beneficial effects on the mechanical properties of metals and, more specifically, steels, the presence of H results in a severe degradation of strength and toughness. A recent ab initio simulation shows that the small size of the H atom in the crystal lattice results in the formation of nonsymmetrical bonds between H and the host metal atoms. [89] [90] [91] Additionally, H is a mobile interstitial at room temperature. Apart from the complications arising from the H uptake and transport processes in the metal, the interaction of the dissolved H atom with the crystal lattice and crystal defects, e.g., dislocations and GB, and consequently its effect on mechanical properties is a highlycomplicated process. Traditionally, conventional macro-scale mechanical tests have been used to study the effect of dissolved hydrogen on the mechanical behavior of metals and alloys. However, it is almost impossible to decouple such macroscopic tests from the H uptake and transport processes. Moreover, a conventional test measures the response of a macroscale sample to a mechanical load, while the H interaction with the lattice is a discrete localized process distributed over time and space. H effects take place in specific H-enriched locations of the sample. In other words, the signal to noise ratio in macroscopic tests is considerably low. Undeniably, very useful qualitative information and design parameters can be extracted from conventional tests; however, a mechanistic understanding of the HE phenomenon requires tools with a higher signal-to-noise ratio. A typical, but not trivial, approach is, thus, to reduce the size of the sample and perform micro-and nanoscale mechanical evaluations. [92] [93] [94] [95] Challenges of small-scale testing Once the size of the specimen or the volume of the material is reduced, the most challenging task is to retain the H atoms in such small dimensions. Except for some special alloys and metals, 96, 97 it is impossible to stop hydrogen outgassing from a small sample. Therefore, a microscale mechanical evaluation of the influence of H in mechanical properties should be combined with in situ H charging.
Studying hydrogen-dislocation interactions: ECNI Undoubtedly, nanoindentation has been the most popular and frequently used small-scale testing method over the last decades. 98 Combined with scanning probe microscopy and imaging capabilities with the same tip used for indentation; nanoindentation is a unique mechanical testing method that provides a high-resolution characterization. 99 A typical nanoindentation test consists of several steps. First, after imaging the surface topography, the tip can be located with nanometer precision. Subsequently, multiple indentations can be performed while registering the indentation load and displacement of the tip. In well-prepared samples with low dislocation density, the probability of indenting a dislocationfree region is very high. In such instances, the indentation starts with an elastic loading that follows the Hertzian contact model. [100] [101] [102] [103] [104] [105] [106] As the shear stress below the tip in the volume of the material approaches the theoretical stress required for homogeneous dislocation nucleation, a sudden jump, i.e., the so-called pop-in, in the displacement occurs. The pop-in marks the transition from elastic to elastoplastic deformation in a perfect crystal. Then, the indentation continues in the elastoplastic regime up to the maximum indentation load. The unloading curve can be assumed to be fully elastic and is typically used to extract the hardness and elastic modulus of the material per the Oliver-Pharr method. 107 Typical load-displacement curves of NA718 are shown in Fig. 5 .
ECNI combines nanoindentation with in situ electrochemical hydrogen charging. ECNI provides distinct possibilities for studying the influence of H on mechanical properties, especially the effect of hydrogen on dislocation nucleation. The results of in situ ECNI on a research-grade Fe-3wt.% Si alloy, Fig. 6 , show that the required load for pop-in, i.e., homogeneous dislocation nucleation, is reduced in the presence of H. Additionally, the amount of the reduction in the pop-in load scales with the amount of hydrogen which is controlled by the applied electrochemical polarization. Per the defactant theory, [108] [109] [110] [111] the decrease in the load required for dislocation nucleation can be related to the reduction in the dislocation line energy by H. 96, 112, 113 Hydrogen effects on crack propagation: microcantilever bending tests FIB cut micro-samples, loaded inside a nanoindenter equipped with special tips have traditionally been used to study size-effects in metals and alloys. [114] [115] [116] [117] [118] The possibility of in situ electrochemical H charging inside a nanoindenter provides a unique opportunity to perform such microscale experiments on Hcharged samples, Fig. 7 . Figure 8 shows a cantilever cut in a Fe-3 wt% Si model alloy after bending in air and under continuous H charging. The presence of hydrogen resulted in the nucleation of a crack at the root of the notch in the beam. Postmortem high-resolution submicrostructural examination, e.g., EBSD 93 and TEM 92 could be performed on these cantilevers to reveal the mechanism of hydrogen embrittlement at the dislocation level.
Presently, in situ microcantilever bending has been successfully applied to relatively simple model materials and monocrystalline microcantilevers. In the future, alloys with more complex microstructures, e.g., PH-CRA, as well as bi-crystalline cantilevers will be used to study the role of different microstructural features during the hydrogen embrittlement process and their interaction with the crack tip in the presence of hydrogen.
CONCLUSIONS
High strength materials, including LAS and PH-CRA, are essential to overcome the materials hurdles associated with the production of hydrocarbons from unconventional reservoirs.
EAC and localized corrosion are the two primary degradation forms that affect the alloys required for the safe and economic operation of sour, HPHT, and Arctic fields. A better understanding of the metallurgical factors and manufacturing variables that lead to optimal EAC resistance is paramount.
In situ characterization techniques, such as ECNI and microcantilever bending, can provide unique insights into the crack initiation and propagation mechanisms. Nevertheless, much research is still required to extend the findings of nano-scale and micro-scale testing to the macroscopic corrosion performance of engineering alloys.
Strengthening the close collaboration between industry and academia is essential to develop a multi-scale understanding of the compound microstructure-environment interactions to lead to optimal EAC resistance.
